We report first results from an ongoing monitoring campaign to measure time delays between the six images of the quasar SDSS J2222+2745 , gravitationally lensed by a galaxy cluster. The time delay between A and B, the two most highly magnified images, is measured to be τ AB = 47.7 ± 6.0 days (95% confidence interval), consistent with previous model predictions for this lens system. The strong intrinsic variability of the quasar also allows us to derive a time delay value of τ CA = 722 ± 24 days between image C and A, in spite of modest overlap between their light curves in the current data set. Image C, which is predicted to lead all the other lensed quasar images, has undergone a sharp, monotonic flux increase of 60-75% during 2014. A corresponding brightening is firmly predicted to occur in images A and B during 2016. The amplitude of this rise indicates that time delays involving all six known images in this system, including those of the demagnified central images D-F, will be obtainable from further ground-based monitoring of this system during the next few years.
INTRODUCTION
Quasars gravitationally lensed into multiple images by foreground clusters of galaxies are exceptionally rare. The two first reported cases were SDSS J1004+4112 (Inada et al. 2003) and SDSS J1029+2623 (Inada et al. 2006) . A third case, SDSS J2222+2745 , was discovered by Dahle et al. (2013) , displaying six images (of which five were spectroscopically confirmed) of a quasar at redshift z s = 2.82, with a maximum separation of 15.
′′ 1, lensed by a foreground cluster at z s = 0.49. In contrast, the Master Lens Database of known gravitational lens systems (Moustakas et al. 2012) lists ∼ 120 known galaxy-scale quasar lenses. Refsdal (1964) showed how the relative time delays measured in multiply lensed quasar images can be used to measure the Hubble parameter H 0 . In addition, time delay measurements can probe the underlying cosmological model (Refsdal 1966) , yielding dark energy constraints which are complementary to other such probes (Linder 2011; Treu et al. 2013; Sereno & Paraficz 2014) . Time delay measurements of individual systems are subject to a "cosmic variance" of several percent, caused by the mass fluctuations of intervening structure along the line of sight (e.g., Bar-Kana 1996; Wambsganss et al. 2005) . Aside from the cosmographical applications of time delays, they also probe the surface density distribution of the lens, over the range of radii at which images are seen and time delays are measured. A unique property of SDSS J2222+2745 is the availability, at small clustercentric radii, of three fainter images (D-F) which are predicted to be demagnified, according to the six-image model presented by Dahle et al. (2013) . These three images are still sufficiently bright to have their time delays measured from ground-based data, given the level of quasar variability reported in this paper.
The longest time delays produced by cluster-scale lenses can be of order several years (Fohlmeister et al. 2008; , rather than weeks or months in the case of galaxy-scale lenses. With typical monitoring cadence of a few days to a few weeks, and given the measured trend of quasar variability amplitude to increase as a function of time scale (at least up to time scales of several years; e.g., Vanden Berk et al. 2004) , cluster-scale lenses may yield smaller fractional uncertainties on the time delays, making cosmic variance-limited time delay measurements easier to obtain than for galaxy-scale lenses. A further advantage of cluster-scale lenses is the availability of additional constraints on the lensing mass distribution from other multiply lensed background galaxies as exemplified by the HST-based studies of SDSS J1004+4112 (Sharon et al. 2005; Oguri 2010 ) and SDSS J1029+2623 (Oguri et al. 2013) .
Measuring the time delays in wide-separation clusterlensed quasars also enables three-dimensional studies of outflowing winds within the quasar itself by probing multiple sightlines, as shown by Misawa et al. (2014) . In this case, the time delays need to be known in order to disentangle time variability of absorption profiles in the quasar image spectra from genuine differences between the sightlines.
Finally, knowing the time delay is crucial for advance planning of monitoring with increased frequency in anticipation of predicted strong flux changes, e.g., to measure the time delays of the faintest images in the system or to conduct reverberation mapping studies to measure the mass of the black hole that powers the quasar (Blandford & McKee 1982; Peterson 1993 Peterson , 2014 .
In this paper, we summarise results obtained from the first three years of an ongoing monitoring campaign of SDSS J2222+2745 . In § 2 we present the data set available so far, which is used to derive a value of the time delay τ AB in § 3 and a value of the longer delay τ CA in § 4. In § 5, we summarise and discuss the results, including a strong rise in the flux of image C during 2014, and the resulting prospects for future studies of this system.
DATA
A monitoring campaign to measure time delays in SDSS J2222+2745 was initiated at the 2.56m Nordic Optical Telescope (NOT) in October, 2012. The results in this paper are based on data from this ongoing campaign, with the most recent data obtained in August, 2015. The NOT monitoring program makes use of the Andalucia Faint Object Spectrograph and Camera (AL-FOSC) instrument, which has a 2048 2 pixel CCD detector with 32-bit intensity resolution and a pixel scale of 0.
′′ 188 pixel −1 . At each monitoring epoch, a set of either 3 × 300s or 3 × 600s exposures were obtained.
The annual visibility period of SDSS J2222+2745 extends from late April until early January. We chose the SDSS g-band for our monitoring campaign, in order to maximise the signal-to-noise of the quasar images, relative to the galaxies in the z = 0.49 lensing cluster on which the central D-F images are superposed. This band is well centered on the prominent Lyman-alpha line in the spectrum of the z = 2.82 quasar, at an observed wavelength of 4640Å.
In addition to the ALFOSC data, we include g-band data obtained as part of the original discovery of this lens (for further details, see Dahle et al. 2013) , using the MOSaic CAmera (MOSCA) at NOT. MOSCA is a 2 × 2 mosaic of four 2048 × 2048 CCDs used in 2 × 2 binned mode, yielding a pixel scale of 0.
′′ 217 pixel −1 . MOSCA g-band imaging was obtained for three separate epochs, on 2011 Sep. 24.93, 2012 Sep. 12.96, and 2012 Sep. 15.98 UT, respectively. We also include the original SDSS DR8 g-band photometry for this system, obtained on 2009 October 18.19 UT. Finally, this paper also includes recently acquired Gemini imaging of SDSS J2222+2745 (taken under program GN-2015A-FT-16); these few images represent the beginning of a new observational campaign to measure time delays for the much fainter central D-F images. Those data were acquired in g-band with Gemini North, using the GMOS instrument in imaging mode, on 2015 May 25.54, 2015 May 26.52, and 2015 July 25.48 UT.
In this paper, we report photometric measurements of the three brightest (A-C) images of SDSS J2222+2745 . Unlike the fainter (D-F) images, these are all well separated from foreground objects and their fluxes can be reliably measured without modelling and removal of additional sources. In order to calibrate the observed fluxes, we use a set of 5 reference stars (S1-S5; see Fig. 1 ). In order to minimise the effect of spatial variations of the PSF, these are chosen within a radius 1 ′ from the quasar images. In addition, the reference stars have blue colors similar to that of the quasar and do not have any nearby objects which may affect the flux estimate. Even during the best seeing (FWHM ∼ 0.
′′ 5), these stars have measured peak fluxes 80 kADU, well within the linear regime of the ALFOSC detector, which extends up to ∼ 350 − 400 kADU. The photometric measurements in our data were all based on aperture photometry of the quasar images and reference stars, using the same aperture. An aperture correction was implicitly made by setting the magnitude zero point of each exposure such that the mean magnitude value of the ensemble of 5 reference stars equals their mean g-band magnitude value in the SDSS (g = 19.092). The accuracy of the time delay measurements reported in this paper is not dependent on a highly accurate absolute flux calibration, as long as the reference stars do not vary significantly in brightness. The validity of using S1-S5 as flux reference sources was tested by measuring the rms fluctuation in the magnitude offset of each star from the ensemble average, over the time span covered by our ALFOSC observations. The rms value of these fluctuations range between 0.0061 and 0.0095 magnitude. This is two orders of magnitude smaller than the amplitude of the flux variations measured in SDSS J2222+2745 , as described below.
The ALFOSC imaging data were de-biased and flat fielded using standard techniques. Flat-fielding was typically performed using the median of a series of flat field frames of the twilight sky obtained during the same night as the photometric data. As the ALFOSC detector is cosmetically clean, the three individual exposures for each monitoring epoch were treated individually in our analysis rather than combined into a single frame.
The Gemini GMOS imaging data were de-biased and flat fielded, again using standard techniques, with appropriate and temporally adjacent master bias and flat field frames taken from the Gemini Science Archive. Each Gemini observation is the sum of six dithered 300 second integrations, stacked to eliminate cosmic rays. Care was taken to avoid improperly rejecting pixels in the cores of bright stars when stacking the dithered frames. Though images A-C are well measured in each GMOS sub-image, the thick red-sensitive CCDs in use on GMOS-North are also excellent charged particle detectors, and the most robust measurements thus come from stacked images with good cosmic ray rejection.
The fluxes of SDSS J2222+2745 images A-C and reference stars S1-S5 were all measured within a fixed aperture of diameter 1.
′′ 13, for the ALFOSC, MOSCA and GMOS data. The choice of aperture scale was motivated by containing most of the flux while avoiding contamination from nearby sources. The effect on the time delay measurements of choosing an aperture a factor 2 smaller was tested, and found to produce changes in the time delay estimate within the uncertainties quoted below. The photometric uncertainty was determined by measuring the photometric scatter corresponding to the three individual ALFOSC exposures and fitting the result as a function of the signal-to-noise of the quasar images. Figure 2 shows a histogram of seeing values measured in the individual ALFOSC monitoring exposures. In our further analysis, we excluded data points obtained when the FWHM seeing was worse than 1.
′′ 20, and we also excluded data where the sky background level was very high, e.g., caused by moonlight or twilight. This left 42 distinct epochs of ALFOSC monitoring observations (not counting multiple exposures within the same night), with an average time span between observations of 14 days, during the annual visibility period of this target. The photometric measurements used in our further analysis are listed in Table 1 .
Significant flux variability of the three brightest images is evident even from a cursory inspection of the imaging data: Figure 3 qualitatively illustrates the flux changes over a 3.2 yr time span: In September 2011, the A and B images were both obviously brighter than the C image. By November 2014, the A and B components had both faded while approximately preserving the A:B flux ratio, while the C image had brightened to the point where it is clearly brighter than the B component and rivals the A component in magnitude. A quantitative representation of these trends is provided by the light curves of the three brightest components, shown in Figure 4 .
THE A-B TIME DELAY
Model predictions for the time delays between the six observed quasar images were reported in the work by Dahle et al. (2013) . Being based on limited constraints from ground-based imaging (e.g., using only a single family of multiply lensed images, of the quasar itself), these predictions all have large uncertainty intervals of several hundred days. The model prediction for the time delay between the A and B images reported by Dahle et al. (2013) is τ AB = 112 +225 −158 days, where positive values imply that image A is leading image B. The time delay between A and C is predicted to be τ CA = 1256 +485 −411 days. Given the much shorter predicted time delay between A and B, we would expect the quasar variability light curves of these two images to overlap over a large fraction of the time interval covered by our photometric monitoring. Hence, we focus initially on determining the value of τ AB .
While a large number of different methods for deriving the time delays of light curves of strong lenses have recently been proposed and tested (Liao et al. 2015) , we focus here on two traditional methods for time delay measurements, detailed below. However, even prior to the implementation of these methods, an initial estimate of τ AB of ∼ 40 − 50 days was made by shifting and visually matching the light curves. Finding a plausible match was facilitated by the obvious overall variability trends seen in the A and B light curves, showing continuous declines over ∼ 1.5 yr, followed by one observing season of nearly constant fluxes during 2014. Below, we use two different statistical methods to estimate τ AB in a more rigorous manner.
This method is based on shifting the two observed light curves A(t i ) and B(t i ), cross-correlating each of them with a linearly interpolated light curve for the other image, (b(t), and a(t), respectively), and finding the values of τ and the magnitude offset ∆m which minimise the statistic
Here, σ A,i and σ B,i are errors in the observed magnitudes and σ a,t and σ b,t are errors in the interpolated magnitudes. We used data from all four seasons of systematic monitoring and assumed that ∆m AB did not change between seasons (such changes might be produced by microlensing). We did not interpolate between any set of points that spanned the gap between different seasons. The minimum value of
N dof (τ ) as a function of the time delay is shown in Figure 5 . We find a minimum value for a time delay τ AB = 42.0 +1.1 −0.1 days and magnitude offset ∆m AB = 0.345
−0.005 (with uncertainties corresponding to ∆χ 2 = 4).
3.2.
Dispersion method A shortcoming of the χ 2 minimisation method is the assumption of linear flux variations between measured points in the light curve. A more statistically robust alternative method for time delay estimates was proposed by Pelt et al. (1994; 1996) .
The method constructs a combined data set C k (t k ) from the two series A i (with N A measurements) and B j (with N B measurements), sampling the quasar light curve:
where k = 1, ..., N and N = N A + N B . From this combined data set, the dispersion spectrum is defined by: 
where G k = 1 only if the measurements are from different images and
are statistical weights, and
We used δ = 25 days as the decorrelation time scale, producing the dispersion spectrum shown in Figure 6 . The minimum value is reached for τ AB = 47.7 ± 6.0 days and ∆m AB = 0.340 ± 0.007 (95% confidence intervals). The result has little sensitivity to the choice of δ; choosing a number twice or half the value quoted above changes the best fit values by a few percent, well within the uncertainty intervals quoted below.
To estimate the uncertainties, we used a bootstrap procedure. The light curve was smoothed using a running 9-point median filter and the residuals of our data points were calculated with respect to the smoothed light curve. A set of 1000 simulated light curves were then generated by randomly re-shuffling the residuals, and the errors were estimated from the spread of values of τ AB from the 1000 dispersion spectra. A combined A+B light curve C(t k ) is represented by the union of the red and blue points plotted in Figure 9 . In this figure, the observed light curve of the B component has been shifted by the τ AB and ∆m AB values derived using the dispersion method.
THE A-C TIME DELAY
Having estimated τ AB , we next consider the time delay between the combined AB light curve and image C. For this purpose, we also include the 2009 photometry from SDSS DR8. All acceptable lens models of this system predict that image C leads all the other images, so we do not consider time delays τ CA < 0. A χ 2 minimisation using the procedure in § 3.1 yields a minimum at time delay τ CA = 717.4 ± 0.5 days, with uncertainties We also estimated τ CA using the dispersion method described in § 3.2. This produced the dispersion spectrum shown in Figure 8 , yielding a best-fit time delay of τ CA = 722 ± 24 days and magnitude offset ∆m AC = 0.483 ± 0.012 (95% confidence intervals). These values are consistent with the values produced by the χ 2 minimisation method. Since the dispersion method does not rely on assumptions about the quasar flux variation between monitoring epochs, we consider the values and uncertainties produced by this method to be more reliable than those produced by interpolation and χ 2 minimisation. Hence, we adopt the time delay τ CA = 722±24 days in our further discussion.
As shown in Figure 9 , the best-fit value derived for τ CA makes very distinctive predictions for the photometric behaviour of images A and B during the 2015 and 2016 monitoring seasons: The A and B light curves are both predicted to reach a sharp minimum, spaced by their 47.7-day time delay, in mid-2015. This minimum corresponds to the lowest luminosity state of the quasar observed during the ∼ 8 years of intrinsic quasar brightness variations spanned by all available photometric data. Our most recent data points, from 2015 Aug. 22, 24, and 26 UT (see Table 1 ), show an increase in the flux of image A by ∼ 0.1 magnitudes after passing the global minimum in the intrinsic quasar light curve, exactly as predicted by the best-fit τ CA value. Continued monitoring of images A and B, tracking their predicted further brightening during the fall of 2015, should substantially reduce the size of the uncertainty intervals of both τ AB and τ CA .
The fluxes of A and B are predicted to further increase by > 0.5 magnitude during 2016. Observing these predicted variations of image A and B through the end of 2016 will strictly exclude any alternative time delay values in the broad interval 830 τ CA 2100 days. We note that the upper limit of this interval extends well beyond the range of time delays allowed by the lens model of Dahle et al. (2013) .
SUMMARY AND DISCUSSION
Predictions from the lens model presented by Dahle et al. (2013) indicate that three independent time delays τ AB , τ ED and τ FE in the system are all of order 100 days. The predicted time delays between image C and the pair (A-B) and between (A-B) and the central images (D-E-F) are of order 1300 days and 700-1000 days, respectively (with ∼ 40% uncertainty).
We have measured τ AB using two different methods and find results which are consistent at the 2σ level. However, unlike the χ 2 minimisation method, the dispersion method does not make any assumptions about the photometric behaviour of the quasar images during the ∼ 14 day sampling intervals, and we therefore adopt the dispersion method value of τ AB = 47.7 ± 6.0 days (95% confidence interval) as the most robust measurement. This is consistent with the model predicted value of τ AB = 112 +225 −158 days. The measured magnitude difference ∆m AB = 0.340±0.007 is also consistent with the ratio of the model-predicted magnifications of µ A = 5.4 +4.6 −1.6 and µ B = 4.7 +3.4 −1.6 (Dahle et al. 2013 ). The measured τ AB time delay is very close to 1.5 synodic months, implying that it is possible to construct a continuous (apart from seasonal gaps) quasar light curve from the combination of data points from image A and image B which will be minimally affected by poor-S/N measurements caused by bright moonlight.
From our systematic monitoring campaign, there is so far only a year of overlap between the intrinsic quasar light curve derived from image C and those from A and B. However, the strong amplitude of the intrinsic brightness fluctuations of the quasar, the presence of earlier data points from 2009 and 2011, and the excellent match of the sharp flux minima observed in image C in 2013 and in images A and B in 2015 enable us to measure the τ CA time delay from the data set currently in hand.
The best-fit value of τ CA = 722±24 days is in slight tension with the model-predicted value of τ CA = 1256
days of Dahle et al. (2013) . We note that ongoing work, refining the lens model by incorporating additional constraints from newly identified multiply imaged source galaxies in this lens system, produce systematically lower model-predicted values for τ CA . The measured magnitude difference ∆m AC = 0.483 ± 0.012 is consistent within the errors with the ratio of the model-predicted magnifications of µ A = 5.4 +4.6 −1.6 and µ C = 2.4 +1.1 −0.3 (Dahle et al. 2013) .
Our prediction of the timing of the expected 0.5 − 0.6 magnitude rise in images A and B can be used to plan a more intensive campaign to monitor photometric and spectroscopic changes in the quasar during this phase in 2016. This would e.g., allow a reverberation mapping study of the z = 2.82 quasar.
A subsequent corresponding brightness increase should occur for the three fainter images around 2018, given the Dahle et al. (2013) prediction for the time delays between the (A-B) pair and the (D-F) trio. During 2015, these fainter images should be entering the decline phase seen in images A and B in 2012-2013 , before reaching the plateau seen in 2014. Provided that even rough estimates of the time delays can be made from observations in the decline and subsequent plateau phase, a targeted campaign at the predicted time of the subsequent rise could provide accurate time delay estimates for the three demagnified images in the cluster center.
We have recently obtained 5-band HST optical/NIR imaging (GO-13337; PI: Sharon) of SDSS J2222+2745 which confirms the existence of the sixth quasar image and reveals additional multiply lensed background galaxies. Additional constraints from the positions and redshifts of these, together with the measurements reported here for τ AB and τ CA , will allow us to refine the lens model of this system and provide updated predictions for the unmeasured time delays. The HST data will also be crucial for modelling the brightness distribution of the brightest galaxies in the cluster core and removing their contribution to the measured flux of images D-F in ground-based photometric monitoring data.
To summarise: The steep quasar brightness fluctuations evident from the light curve of the leading C image provide strong constraining power to measurements of the time delays between all six known images in this lens system. The range of clustercentric radii over which such measurements are possible is truly unique for this system. The next 2-3 observing seasons will be instrumental in pinning down these time delays, enabling a wide range of physical studies of both the cluster lens and the quasar source.
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